Hydrophobic interactions normally are not considered a major driving force for self-assembling in a hydrophobic environment. When macrocyclic oligocholates were placed within lipid membranes, however, the macrocycles pulled water molecules from the aqueous phase into their hydrophilic internal cavities. These water molecules had strong tendencies to aggregate in a hydrophobic environment and templated the macrocycles to self-assemble into transmembrane nanopores. This counterintuitive hydrophobic effect resulted in some highly unusual transport behavior. Cholesterol normally increases the hydrophobicity of lipid membranes and makes them less permeable to hydrophilic molecules. The permeability of glucose across the oligocholate-containing membranes, however, increased significantly upon the inclusion of cholesterol. Large hydrophilic molecules tend to have difficulty traversing a hydrophobic barrier. The cyclic cholate tetramer, however, was more effective at permeating maltotriose than glucose. Abstract: Hydrophobic interactions normally are not considered a major driving force for self-assembling in a hydrophobic environment. When macrocyclic oligocholates were placed within lipid membranes, however, the macrocycles pulled water molecules from the aqueous phase into their hydrophilic internal cavities. These water molecules had strong tendencies to aggregate in a hydrophobic environment and templated the macrocycles to self-assemble into transmembrane nanopores. This counterintuitive hydrophobic effect resulted in some highly unusual transport behavior. Cholesterol normally increases the hydrophobicity of lipid membranes and makes them less permeable to hydrophilic molecules. The permeability of glucose across the oligocholate-containing membranes, however, increased significantly upon the inclusion of cholesterol. Large hydrophilic molecules tend to have difficulty traversing a hydrophobic barrier. The cyclic cholate tetramer, however, was more effective at permeating maltotriose than glucose.
Introduction
Channels and pores are used in biology to permeate ions and molecules across membranes. In addition to their important roles in signaling, metabolism, and bacterial or viral infection, channels and pores enable design of novel sensors for both small and large molecules.
1 Pore-forming proteins, for example, have shown great promises in the single-molecule detection of RNAs and DNAs. 2 Although synthetic pores have the advantage of being less expensive and less prone to denaturization than their protein counterparts, development of nanometer-sized synthetic pores has been a difficult challenge.
3 Ghadiri et al. prepared cyclic peptides that self-assembled into pores large enough for glucose and glutamic acid to pass through. 4 Matile and co-workers, in a series of seminal work, reported nanometer-sized -barrel pores through self-assembly of oligo(phenylene) derivatives 5 and demonstrated their applications in sensing 5b and catalysis. More recently, Satake and Kobuke prepared nanosized pores based on porphyrin supramolecules. 6 Gong et al. described pores ca. 0.8 nm in diameter through the π-π interactions of aromatic heterocycles. 7 In addition, Fyles 8 and Davis 9 used amine-Pd(II) and guanosine quartets, respectively, to construct highly conducting channels consistent with nanometered pore sizes.
A big challenge in creating nanometer-sized pores within the lipid bilayers is to keep the pore from collapsing. For this reason, although chemists have made tremendous progress in the design and synthesis of artificial ion channels, 10 the building blocks involved (e.g., crown ethers and open chain compounds) typically are not amenable to nanopore formation. Despite the advancement made in synthetic nanopores, only limited poreforming mechanisms exist currently. The majority of synthetic nanopores reported so far relied on either hydrogen-bonding 4, 5, 9 or metal-ligand coordination 6, 8 for stability. Herein, we report synthetic nanopores driven by hydrophobic interactionssa very different mechanism of pore formation from common biological and synthetic examples. The novelty of the approach lies in the counterintuitive design. Normally, if the environment (i.e., lipid bilayers) is hydrophobic, hydrophobic interactions are not expected to contribute significantly to a supramolecular synthesis. The self-assembled pores displayed highly unusual behavior as a result of the counterintuitive poreformation. Cholesterol is known to increase the hydrophobic thickness 11 of lipid bilayers and decrease their fluidity. 12 Yet, the enhanced hydrophobicity caused by cholesterol facilitated the pore formation of the oligocholate macrocycles and increased the permeability of glucose across the membranes. Larger hydrophilic molecules normally have difficulty moving across a hydrophobic barrier. The cyclic cholate tetramer, however, was more effective at permeating maltotriose than glucose.
Results and Discussion
Molecular Design. With a cholesterol-like backbone and facial amphiphilicity, cholic acid derivatives have been used in membrane-related applications including as ion channels 9, 13 and molecule 14 or anion transporters. 15 In an effort to prepare conformationally controllable foldamers, 16 we synthesized linear oligomers of facially amphiphilic cholates. 17 In nonpolar solvents (e.g., CCl 4 or hexane/ethyl acetate) containing a small percentage of a polar solvent (e.g., DMSO or MeOH), the oligocholate folds into a helix with a nanometer-sized hydrophilic inner pore. The polar solvent phase-separates from the bulk into the hydrophilic pore and efficiently solvate the introverted polar groups of the oligocholate (Scheme 1, left).
Since the folded helix has three monomer units per turn, 17a cyclic tricholate 1 essentially represents the cross section of the folded helix. According to the CPK model, the molecule has a triangular hydrophilic cavity about 1 nm on the side (the N-N distance is ∼1.3 nm). Its exterior is completely hydrophobic and fully compatible with lipid membranes. Its rigidity, resulting from both the triangular geometry and the fused steroid backbone, is expected to prevent the inner cavity from collapsing. Note that, although other strategies (e.g., internal charge repulsion) 18 have been used with success, rigidity of the building blocks is a key factor in keeping synthetic nanopores from collapsing. [3] [4] [5] [6] [7] [8] [9] We hypothesized that the same solvophobic driving force in the folding of the linear oligocholates 17 would prompt 1 to stack in the z-direction (Scheme 1, right). In a largely nonpolar solvent mixture, the polar solvent molecules should phase-separate into the middle of the macrocycle and solvate the inward-facing polar groups. Aggregation also allows these polar solvents to move up and down the polar channelsan entropically favorable process.
In addition to 1, cyclic tetramer 2 and linear trimer 3 were prepared as control compounds. Compound 4 has a pyrene group on the side chain, allowing us to use fluorescence to probe the self-assembly. Linear oligocholates such as 3 were synthesized through standard amide-coupling reactions. 17a Cyclization of the corresponding amino/carboxyl-terminated oligocholates yielded compounds 1 and 2 (see the Supporting Information for details). For compound 4, we took advantage of the azide group at the end of the oligocholates and used the click reaction 19 for the cyclization (Scheme 2). The pyrene group was introduced at the side chain of the L-ornithine inserted in between two cholates. Glucose Leakage from POPC/POPG LUVs. An ideal system to test the stacking is the lipid bilayer. The lipid hydrocarbon tails essentially are the nonpolar solvent in Scheme 1 and the assembly of 1 in the z-direction would create a transmembrane nanopore (Figure 1, C) . Because the nanopore is open to bulk water on both ends, the water molecules inside the pore can readily exchange with bulk water. This is very important if the pore-formation is to occur. Because the entropic cost for trapping a single water molecule can be as high as 2 kcal/mol, 20 any partial pore-formation (as in A or B) sould be strongly disfavored.
Many macrocycles of bile acids have been reported in the literature.
15b,21 A similar cyclic trimer of a cholate derivative was found to bind monosaccharides. 21a,b We thus employed the well-established glucose leakage assay to test the pore-formation. Briefly, glucose (300 mM) was first encapsulated within POPC/ POPG large unilamellar vesicles (LUVs) and the external glucose was removed by gel filtration. When different amounts of 1 were added to the liposomal solution, 22 the glucose that leaked out was converted by extravesically added hexokinase and ATP to glucose-6-phosphate, which was oxidized by glucose-6-phosphate dehydrogenase while NADP was reduced to NADPH. Because of the fast enzymatic kinetics, the formation of NADPH at 340 nm correlates directly with the rate of glucose efflux.
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To our delight, tricholate 1 was highly effective at transporting glucose across lipid membranes ( Figure 1S , Supporting Information). The leakage was strongly dependent on its concentration. Glucose efflux was negligible below 0.125 µM of 1. The leakage showed a noticeable increase at 0.25 µM of the macrocycle, but another 2-fold increase in the transporter concentration caused a dramatic increase in leakagesover 90% of glucose leaked out after 60 min.
Because 1 cannot turn its hydrophilic inside out, we did not consider "toroidal pores", in which amphiphilic molecules (typically surfactants or amphipathic peptides) cause local phase changes in the lipids and produce transient openings in the membrane. 3 We performed the lipid mixing assay and tested the possibility of membrane fusion as a potential cause of leakage, 24 but <10% lipid mixing occurred even at the highest [oligocholate]/[lipid] ratio used in the glucose leakage assay ( Figure 1S ).
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After lipid fusion was excluded as a main cause for leakage, we considered three other possible mechanisms for the glucose efflux, with either the monomer or an aggregate of 1 as the main transporting species. In a carrier-or ferry-based mechanism, a glucose-bound macrocycle (either in the form of A or B shown in Figure 1 ) migrates from the inner to the outer leaflet of the bilayer, where the guest is released. 26 In a relay mechanism, the guest still has to be bound by A or B but the binding is only transient and the guest hops from one station to another before exiting the bilayer. The third possibility is the hypothesized nanopore, represented by (the idealized) C in Figure 1 .
A carrier-based mechanism typically gives a linear relationship between the leakage rate and the monomer concentration 27 but the strong dependence of leakage on the concentration of 1 suggests that its aggregate was the active transporter (vide infra).
3,27 Either B or C would fit such a scenario. To distinguish between the latter two mechanisms, we studied cyclic tetramer 2 and linear trimer 3 in the transport. The difference between 1 and 2 is not just in size but, more importantly, in their rigidity. A triangle cannot change its shape as long as the sides are rigid, but a quadrilateral can bend and twist even if the sides are completely rigid. Thus, stacking and transmembrane poreformation should be more difficult with 2 than with 1. Linear trimer 3 should be even less competent, as it has to fold before it can stack to form the pore (assuming the same pore-formation mechanism is involved). Figure 2a shows the glucose leakage of LUVs at 30 min in the presence of the different oligocholates. The topology of the oligocholates impacted the transport strongly. It took 4-5 times as much 2 as 1, for example, to leak the same amount of glucose from the LUVs. The general facial amphiphilicity of the cholate clearly was not the determining factor, as tetramer 2 contained more cholates than trimer 1 and yet was less effective. The conclusion was further supported by linear trimer 3, which displayed leakage slightly above the background (6-10%) even at the highest tested concentration. Once the ring structure was removed, the oligocholate completely lost its ability of transport.
The leakage data in Figure 2a suggests high cooperativity among the macrocycles.
3 A common way to analyze the cooperativity of a supramolecular system is through the Hill
, in which the fractional activity (Y) of a supramolecule is related to the monomer concentration (c).
28 EC 50 is the concentration of the monomer that produces 50% activity. The Hill coefficient (n) indicates both the stability of the self-assembly and the number of monomers in the supramolecule responsible for the activity. A Hill coefficient of n > 1 means that the monomer is the dominant species and yet the supramolecule is responsible for the observed activity.
3b,29
Significantly, the leakage data fit well to the Hill equation (Figure 2b) , yielding a Hill coefficient of n ) 4.0 ( 0.3 for cyclic trimer 1 and 4.4 ( 0.5 for tetramer 2.
30 Thus, for both macrocycles, the active transporting supramolecule seems to consist of four macrocycles. POPC bilayer is about 2.6 nm in the hydrophobic thickness. 11, 31 The cholate is about 0.6-0.7 nm on the side. To the extent that the Hill analysis reflects accurately the assembly process, the active transporting species was most likely a transmembrane pore assembled from four macrocycles.
Comparison of the three possible arrangements of the macrocycle in Figure 1 reveals the reasons for the poreformation.
32 When a cyclic oligocholate enters the membrane, the introverted hydroxyl/amide groups demand the internal cavity to be filled with water/glucose instead of lipid hydrocarbon. If the macrocycle exists as a monomer (Figure 1, A) , the entrapped water/glucose would face hydrocarbon at least on one end of the cavity or on both ends if the molecule penetrates deep into the bilayer. The unfavorable hydrophilichydrophobic contact can be reduced if the molecules stack on top of one another (B), but can be eliminated only if a transmembrane pore (C) is formed. In the last case, not only is water-hydrocarbon contact eliminated on both ends of the cavity for all the macrocycles involved, but also the water molecules Angew. Chem., Int. Ed. 2002 , 41, 2596 -2599 Mol. Biol. 1983, 166, 203-210. (32) Hydrogen bonds among the amides along the pore axis are unlikely to contribute significantly because the amides are exposed to water molecules inside the pore. Also, the steroid backbone is large on the amino end and small near the carboxy tail. The geometry of the macrocycle thus prohibits close contact of the amide bonds in the z-direction. inside the macrocycle are no longer confined in a nanospace. The water molecules within the pore can solvate all the polar groups on the inner wall and yet still exchange with the bulk water rapidly. The exchange of water clearly will be more difficult if one or both ends of the cavity are capped by hydrocarbon, as in A or B.
Effect of Cholesterol on the Oligocholate-Induced Leakage.
To gain additional evidence for the pore-formation, we included 30 mol % of cholesterol in the lipid formulation. Cholesterol is known to increase the hydrophobic thickness 11 of POPC bilayer and decrease its fluidity. 12 Cholesterol-containing bilayers are much less permeable to hydrophilic molecules, including glucose and glycerol. 33 Notably, glucose leakage became significantly faster when the bilayers contained 30 mol % of cholesterol (Figure 3) . The data points connected by solid lines represent leakage from the cholesterol-containing LUVs and those by dotted lines are from the cholesterol-free ones. Both the trimer and the tetramer clearly benefited from cholesterol. The concentration of the transporter that causes 50% leakage at 30 min (i.e., EC 50 ) for the trimer went from ∼0.5 to ∼0.1 µM upon cholesterol inclusion; that for the tetramer decreased from ∼2.4 to ∼0.5 µM. The cyclic topology remained critical to the transport, as the linear trimer (×) was completely unaffected by the cholesterol added.
These results strongly support the pore-formation mechanism. Because cholesterol makes the membrane more hydrophobic, 33 the hydrophobic driving force mentioned above is higher for the stacking of the macrocycles. Cholesterol is able to induce lateral heterogeneity in lipid membranes.
34 If cholesterol-rich and -deficient domains exist, pore formation should be easier if the macrocycle phase-separates into one domain. Given that cholic acid is a metabolite of cholesterol, 1 and 2 are highly likely to fall into cholesterol-rich domains.
Effect of Guest Size on the Oligocholate-Induced Leakage.
Different transport mechanisms are expected to respond very differently to an increase in the guest size. Diffusion of the carrier-guest complex in the membrane slows down as its size increases. Because it is more difficult for a larger hydrophilic guest to hop from one station to another in a hydrophobic membrane, relay will become less efficient as well. Leakage through a nanopore, on the other hand, should not be affected very much as long as the cross section of the guest is smaller than the pore diameter.
We thus studied the permeation of maltotriose by the cholate macrocycles (Figure 4) . Although the trisaccharide is much longer than glucose, its cross section remains the same. Consistent with the pore-formation mechanism, the increase of the sugar size did not slow down the leakage. The EC 50 for the trimer (0) was almost the same for maltotriose (∼0.6 µM) and glucose (∼0.5 µM). Remarkably, tetramer 2 was considerably more effective at leaking the longer sugar; the EC 50 of the tetramer (4) went from 2.4 µM for glucose to ∼0.7 µM for maltotriose.
Why did the tetramer transport a longer sugar better than a shorter one? The result is highly unusual and contrary to what the diffusion of the guest (inside the pore) would predict. As shown by the molecular models (Figure 5 ), the trisaccharide is too long to fit within one macrocycle. Hence, as the sugar enters the membrane, it will thread through the macrocycles and template the pore formation. If one assumes that a longer sugar diffuses more slowly than a shorter one inside the pore, the fact that 2 benefited more than 1 in the trisaccharide transport suggests that the template effect was stronger in the tetramer. The conclusion is supported by both the rigidity consideration and the earlier glucose leakage data, which suggest that pore-formation is more difficult with the tetramer. In general, an effect is manifested most strongly where it is most needed. Such a trend is frequently observed in physical organic chemistrysthe extent of neighboring group participation, for example, increases with an increase of the electron demand at the reactive center.
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Another reason why the tetramer benefited more from the template effect than the trimer could be its larger pore size. According to the molecular model ( Figure 5 ), a sugar fits quite snugly within the inner cavity of 1 and forms multiple hydrogen bonds with the inner wall of the pore. As the sugar gets longer, the number of hydrogen bonds involved would increase, making the passage of the guest more difficult. Hence, the template effect of maltotriose was probably offset by the small pore size of the trimer. For the tetramer, the larger gap between the guest and the pore might have geometrically prohibited the formation of some hydrogen bonds, allowing the trisaccharide to go through the pore with less hindrance.
It should be mentioned that the leakage data with the cholesterol-containing LUVs (Figure 3) or with maltotriose as the guest (Figure 4) did not give the high cooperativity shown in Figure 2 . The Hill coefficient (n) was only 1-2 in all the cases. The Hill coefficients have been reported to change significantly with minor structural modification of a given system. 29, 36 Similar observations were made in biology including in well-established systems such as the hemoglobin-oxygen binding. The reason for the change was not always clear. The Hill equation is known to operate best when extreme positive cooperativity exists between the binding of the first and second molecule. 37 Such a condition may not be met in the glucose transport across the cholesterol-containing hydrophobic membrane or in the maltotriose transport where a template effect is operating.
Aggregation of Cyclic Oligocholates Studied by Fluorescence.
Due to its long fluorescence lifetime, pyrene can form excimers quite readily even at relative low concentrations. 38 Aggregation of 4 within a lipid bilayer brings the pyrene groups within proximity and should promote the excimer formation (emitting at 470 nm). Instead of the membrane extrusion method 39 used to prepare the LUVs for the leakage assay, we incorporated the oligocholates into lipid bilayers for dilauroylphosphatidylcholine (DLPC) and POPC/POPG liposomes by the detergent dialysis method. This procedure is often employed to reconstitute membrane proteins into liposomes 40 and has the benefit of generating the most homogeneously mixed lipids. Because cholesterol was found to interfere with the detergent dialysis (possibly because of its strong interactions with the Bio-Beads used in the procedure), we added 4 to preformed LUVs prepared with the membrane extrusion method. Figure 6 shows the excimer/monomer ratio for compound 4 as a function of the [4]/[lipid] ratio in three different bilayers. Two trends are immediately noticeable. First, the pyrene excimer became stronger as the membrane became more hydrophobic. Among the three bilayers, the C12 DLPC membrane (4) was the least hydrophobic and the cholesterolcontaining C16-18 POPC/POPG (]) the most hydrophobic. With an increase in the membrane hydrophobicity, the inflection point in the excimer/monomer curves, corresponding to the critical aggregation concentration (CAC) of the macrocycle, decreased steadily from 0.02 to 0.01 to 0.007. The trend shows that the formation of pyrene excimer is promoted by membrane hydrophobicity and tracks well with the leakage data. Second, all the excimer/monomer curves were sigmoidal in shapesa hallmark of cooperativity behavior. 41 In fact, when the fluorescence data were fit to the Hill equation, the Hill coefficient (n) was ∼1.5 for the DLPC membrane, ∼3 for POPC/POPG, and ∼4 for the cholesterolcontaining POPC/POPG. The results showed that the number of the macrocycles in the aggregates correlate with the membrane thickness. The result is in full agreement with our pore-forming mechanism and the leakage data. Because the aggregation is driven by hydrophobic interactions and the pore needs to span the bilayer (to allow water molecules inside the pore to exchange with bulk water), the pore length should not exceed the hydrophobic thickness of the membrane.
Conclusions
Classical hydrophobic effect drives the aggregation of hydrophobic molecules in water. By pulling water into lipid bilayers with the amphiphilic cholate macrocycles, we "activated" the water molecules and used them to assemble the macrocycles into transmembrane nanopores. 42 Aggregation and pore-formation seem to be quite efficient for the cyclic tricholate, as it only took 1 macrocycle out of 200 lipid molecules to leak 50% of 300 mM glucose from the LUVs in 30 min. Leakage from the cholesterol-containing LUVs was even more efficients the same leakage only required 1 macrocycle out of 1000 lipid molecules.
